Background Cadaveric studies have examined disc degeneration at the L4-L5 and L5-S1 motion segments; however, we are not aware of another study that has examined the relationship between bilateral spondylolysis and its effect on degenerative disc disease at those levels. This may have been overlooked by researchers owing to the majority of spondylolysis occurring at the L5 vertebra. Questions/purposes Using osteologic specimens from a collection that included individuals who died in one city in the USA between 1893 and 1938, we asked: (1) do specimens with bilateral spondylolysis (bilateral pars defects)
have increased levels of disc degeneration, at their respective motion segments, when compared with matched controls without spondylolysis, and (2) is the finding of a bilateral pars defect associated with more severe arthritis at L4-L5 than at L5-S1? Methods An observational study was performed on 665 skeletal lumbar spines from the Hamann-Todd Osteologic Collection at the Cleveland Museum of Natural History (Cleveland, OH, USA). The specimens included 534 males and 131 females ranging from 17 to 87 years old, with a nearly bell-shaped distribution of ages for males and a larger proportion of younger ages in the female specimens. Of those with spondylolysis, 81 had a defect at L5 and 14 had a defect at L4. The gross specimens were examined subjectively for evidence of arthrosis. At the time of examination, specific attention was not paid to the coexisting presence or absence of spondylolysis nor was the examiner blinded to the age of the specimens. Disc degeneration was measured by the classification of Eubanks et al., a modified version of the Kettler and Wilke classification. Linear regression was performed to derive a formula that would predict the amount of disc degeneration at L4-L5 and L5-S1 for the normal control population given a specimen's age, sex, and race. We then used this formula to evaluate the difference in disc degeneration at the corresponding level of the pars defect that is greater Each author certifies that he or she, or a member of his or her immediate family, has no funding or commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research 1 editors and board members are on file with the publication and can be viewed on request. Each author certifies that his or her institution approved the human protocol for this investigation, that all investigations were conducted in conformity with ethical principles of research, and that informed consent for participation in the study was obtained. This work was performed at the University Hospitals Case Medical Center and the Cleveland Museum of Natural History, Cleveland, OH, USA. than the predicted amount for a control without spondylolysis. This allowed us to conclude that any significant differences found between the L4-L5 and L5-S1 cohorts were attributable to factors not simply inherent to their functional position in the spine of an individual without a bilateral pars defect. Results L4 spondylolysis and L5 spondylolysis showed greater amounts of degeneration compared with that of matched controls (L4 controls: mean = 1.52, SD = 0.74; L4 spondylolysis: mean = 3.21, SD = 0.87; p \ 0.001; L5 controls: mean = 0.97, SD = 0.48; L5 spondylolysis: mean = 2.06, SD = 0.98; p \ 0.001). When we controlled for the expected amount of degenerative disc disease at each level in controls, the observed degeneration was more severe at L4-L5 than at L5-S1 (p = 0.008, R-squared = 18.6). Conclusions L4-L5 and L5-S1 bilateral spondylolysis groups had increased presence of degenerative disc disease compared with those without bilateral spondylolysis. For the same degree of spondylolysis, the observed amount of disc degeneration was greater at the L4-5 motion segment compared with L5-S1. Clinical Relevance Although not as common as the spondylolysis at L5-S1, we believe that our findings support that patients with L4-L5 spondylolysis can expect a greater degree of degenerative disc disease and increasing clinical symptoms. Multiple factors in the sacropelvic geometry of an individual, facet morphologic features at L4-L5, and the absence of the iliolumbar ligament at this level are possible contributing factors to the findings of this study.
Introduction
Spondylolysis is defined as a defect in the pars interarticularis of the vertebra [5] . While the incidence of a pars interarticularis defect of the lumbar vertebrae is effectively zero at birth [18, 44, 51, 52] , prospective, long-term followup population studies found the incidence in adolescents to be 4%, with this number increasing to 6% in adulthood. Greater than 70% of the spondylolytic lesions were at the L5 vertebra, whereas approximately 15% were located at L4 [18] . Additional studies have verified these incidences in adults [25, 38] . Forty-five-year followup determined that the spondylolysis was most common bilaterally and was associated with instability at the corresponding level [6] . Patients with spondylolysis are more likely to have degenerative disc disease develop below the level of the associated pars defect [12] . The process of disc degeneration has been defined as an aberrant, cell-mediated response to progressive structural failure, for which there are many underlying factors at play [1] . However, we are not aware of any study that has examined the relationship between spondylolysis and disc degeneration at these lumbar levels. Owing to the majority of bilateral pars defects occurring at L5, it appears that the L4 involvement has been overlooked by previous researchers.
The defect in the pars at L5 can lead to an isthmic type spondylolisthesis at the L5-S1 level, which in turn, may contribute to disc degeneration ( Fig. 1 ). Even so, patients with bilateral pars defects typically do not have instability develop at this level for many years. This may be the result of the added stability of the iliolumbar ligament at L5. The iliolumbar ligament connects the transverse process of the fifth lumbar vertebra to the ilium, stabilizing onto the pelvis [32] . Aihara et al. [3] showed that the integrity of the iliolumbar ligament may determine the amount of stability at the lumbosacral junction and the amount of forward slipping of the L5 vertebra. To further assess the amount of degenerative disc disease present in patients with bilateral pars defects at either L4 or L5, we made the assumption that changes in the skeletal anatomy of the adjacent vertebrae represent later stages of underlying soft tissue derangement, and therefore would give us an accurate estimation of the amount of degenerative disc disease in these respective motion segments for patients today with similar lesions.
Using osteologic specimens from a collection that included individuals who died in one city in the USA between 1893 and 1938, we asked: (1) do specimens with bilateral spondylolysis (bilateral pars defects) have increased levels of disc degeneration, at their respective motion segments, compared with matched controls without spondylolysis, and (2) is the finding of a bilateral pars defect associated with more severe arthritis at L4-L5 than at L5-S1?
Methods
An observational study was performed on 665 cadaveric specimens from the Hamann-Todd Osteologic Collection at the Cleveland Museum of Natural History (Cleveland, OH, USA). The collection includes only individuals who died in Cleveland between 1893 and 1938.
Of 3100 cadaveric specimens from the Hamann-Todd Collection, we chose 665 skeletal lumbar spines for examination. These specimens were chosen from the entire collection depending on their collective proximity in two rows of the collection and their ease of access (no ladder necessary to take them off of the shelves). The selection was random insofar as the specimens in the collection are arranged only in the order in which they were added to the collection. At the time of examination, specific attention was not paid to the coexisting presence or absence of spondylolysis nor was the examiner blinded to the age of the specimens. We included 534 males and 131 females ranging from 17 to 87 years old, with a nearly bell-shaped distribution of ages for males and a larger proportion of younger ages in the female specimens. Linear regression was performed to derive a formula that would predict the amount of disc degeneration at L4-L5 and L5-S1 for the normal control population taking into account a specimen's age, sex, and race. We then compared the degree of disc degeneration in the populations with L4 and L5 spondylolysis with the predicted level for a normal control (without bilateral spondylolysis), correcting for age, race, and sex.
Of these cadaveric specimens, we identified 120 (of 665, 18%) with spondylolysis. Four were excluded owing to incomplete or degraded skeletal elements, 18 were excluded for having unilateral defects only, and three were excluded because they had spondylolysis at a different lumbar level. Of the remaining specimens, 81 (of 95, 85%) had a bilateral defect at L5 and 14 (of 95, 15%) had a defect at L4. The gross specimens were examined subjectively by one examiner (JE) for evidence of arthrosis. At the time of examination, specific attention was not paid to the coexisting presence or absence of spondylolysis, nor was the examiner blinded to the age of the specimens (Table 1) .
Statistical Analysis
Disc degeneration was measured by the classification of Eubanks et al. [17] , a modified version of the Kettler and Wilke [29] classification (Table 2 ). In this classification, degenerative disc disease was graded from no arthrosis to complete ankyloses, from Grade 0 to Grade IV (Fig. 2) . Using linear regression analysis to correct for age, race, and sex, we compared disc degeneration at L4-L5 in L4 pars defects with the degree of degeneration seen at L5-S1 from a L5 pars defect ( Fig. 3) . Multiple regression analysis of the difference between the amount of degenerative disc disease seen in spondylolysis at each level, compared with the expected amount of disc degeneration in the specimens with no spondylolysis, also was performed. To determine that the increase in disc degeneration seen in specimens with L4 spondylolysis was not simply a representation of the overall increase in disc degeneration at L4-L5 in the control population, regression analysis was performed again with the control specimens (without spondylolysis) to create a formula to determine the expected amount of disc degeneration at L4-L5 and L5-S1, given the age, sex, and race of an individual specimen. We then compared the degree of disc degeneration in the populations with L4 and L5 spondylolysis with the predicted level for a normal control (without bilateral spondylolysis), correcting for age, race, and sex. The corresponding motion segment in question for specimens with bilateral pars defect at L4 is L4-L5 and L5-S1 motion segment for a L5 pars defect. Statgraphics 1 XVI software (Statpoint Technologies Inc, Warrenton, VA, USA) was used for statistical analysis.
Results
L4 spondylolysis and L5 spondylolysis showed greater amounts of degeneration compared with matched controls (L4 controls: mean = 1.52, SD = 0.74; L4 spondylolysis: mean = 3.21, SD = 0.87, p \ 0.001; L5 controls: mean = 0.97, SD = 0.48. L5 spondylolysis: mean = 2.06, SD = 0.98, p \ 0.001) ( Table 3) .
After controlling for degree of spondylolysis, age, race, and sex, we found that the L4 specimens had a larger than anticipated increase in degeneration compared with the L5 group (R-squared = 19.7; p \ 0.001). To be sure that the increased amount of degenerative disc disease we found at L4-L5 compared with L5-S1 was associated with the bilateral spondylolysis and not attributable to the inherent properties of the motion segment at baseline, using our formula derived from the nonspondylolysis control group, we corrected for this and still found an increased amount of degenerative disc disease at L4-L5, greater than what could be predicted and accounted for in the normal control population (R-squared = 18.6; p = 0.008).
Discussion
Lumbar spondylosis or degenerative spine disease is the most common etiology of low-back pain and can have a substantial effect on an individual's quality of life [40] . The medical costs associated with back pain in the US have doubled to more than $100 billion dollars during the past 7 years, with a 65% increase in national expenditure on backrelated issues [33] . Owing to this increasingly common presentation, it would behoove clinicians to have a greater understanding about which characteristics, such as a bilateral pars defect in the lumbar spine, need to be more closely monitored for progression of lumbar degenerative disc disease. We are not aware of another study that has examined the relationship between bilateral spondylolysis and disc degeneration for the L4 and L5 vertebrae and their respective motion segments. Pars defects are most commonly found at L5 [4, 6, 7, 18, 20, 22, 25, 53] , and because of this majority, most research has focused on the L5-S1 motion segment, while a bilateral pars defect at L4 and its effect on L4-L5 has been overlooked. Our findings show that bilateral pars defects of L4 and L5 cause increased amounts of degenerative disc disease at their respective motion segments. In addition, even after correcting for the predicted amount of degenerative disc disease and spondylolysis expected at each level based on a control cohort, we found an increase in the amount of degeneration at L4-L5 compared with L5-S1 owing to their respective bilateral pars defects. This supports the notion that patients with the less common L4 spondylolysis are at risk for more rapid progression of their disease along with increasing clinical symptoms attributable to the greater degree of degenerative disc disease.
This study should be interpreted in light of its limitations. First, skeletal specimens lack the soft tissue that would allow us to make inferences regarding what effects certain surrounding tissues such as the iliolumbar ligament may have had on the stability of the L4-L5 and L5-S1 motion segments. We also acknowledge that one of the current standards for assessing the degree of degenerative disc disease, MRI, could not be used in our cadaveric study. During the past 30 years, MRI has become the most accurate test for observing abnormal degenerative morphologic features of the spine [15, 19, 27, 36, 37] . Assuming the changes in the skeletal anatomy of adjacent vertebrae represent the later stages of underlying soft tissue derangement, our conclusions would seem to accurately reflect alterations in the soft tissues that make up the intervertebral spaces. We also could not evaluate sacropelvic parameters for each specimen, such as sacral inclination, pelvic lordosis, and pelvic incidence, because not all specimens had complete skeletal elements available. Toy et al. [49] found sacral inclination and degenerative disc disease, and pelvic incidence and degenerative disc disease, to be associated at the L5-S1 level. Pelvic incidence has been shown to correlate with spondyloarthrosis [14] , and spondylolysis and spondylolisthesis [23, 30, 34, 42, 43] . However, none of these previous articles mentioned the effect that pelvic incidence had on the L4-L5 motion segment. Second, we had only one examiner (JE) grading the specimens and the examiner was not blinded to the age of the specimens, which could lead to bias as far as tending to associate a higher grade of degeneration to older patients. However, looking carefully at our data, many of the younger patients with bilateral spondylolysis were given higher grades and the opposite also was true for older control specimens in which little degeneration seen. We also are not able to discuss the clinical picture and symptoms that these people may have presented with to a modern-day spine clinic owing to the nature of a cadaveric study. Studies on causality between degenerative disc disease and low back pain have been mixed. van Tulder et al. [50] performed a systematic review and reported that lumbar disc degeneration is a risk factor for low back pain in adults. Several studies have shown an association between degenerative disc disease and low back pain [16, 39, 48] . Some researchers have suggested a causal relationship between early-onset degenerative disc disease and recurrent low back pain throughout a patient's lifetime [45, 46] . However, substantial research supports the fact that degenerative changes may be seen in asymptomatic patients [8, 28, 41] , and these findings may not be predictive of development nor duration of low-back pain in long-term followup [9] .
Another interesting question is how our specimens compare with that of the modern 21 st century patient we see today. We would expect the BMI of a sample population from today to be approximately 25% greater than that of our specimens [24] . Previous research indicates that increasing BMI is not only a risk factor for degenerative disc disease and low back pain [13] , but also spondylolysis [47] . Although we cannot make clinical correlations based on our cadaveric specimens, based on previous data we might reasonably infer that a sample population from today would have, if anything, increased prevalence of degenerative disc disease, spondylolysis, and low back pain based on the changes in body habitus that have developed during the last century or more.
Our data showed specimens with bilateral pars defects had increased amounts of disc degeneration compared with their matched controls without spondylolysis. We believe this is an important finding as most studies until now have focused on the L5-S1 motion segment and its degenerative changes [2, 3, 10, 11] . Researchers who have examined the L4-L5 motion segment have not done so in patients or specimens with bilateral pars defects, and therefore these effects have not been well studied [35] .
Previous research has shown that bilateral spondylolytic defects in patients are much more likely to progress to spondylolisthesis and subsequent disc degeneration [11, 26, 49] . The general conclusions provided from such studies, along with the results we obtained, support the notion that the expected amount of degenerative disc disease in a patient with bilateral pars defects at a given level, should exceed that of someone without those lesions. This may be important to clinicians who want to look for these characteristics when deciding which patients with low-back pain need to be followed more closely for progression of disease. Even after correcting for confounding factors, we found that the L4-L5 motion segment showed increasing amounts of degenerative disc disease, greater than what was predicted, compared with the resultant amount of degenerative disc disease at L5-S1 from L5 lesions. The L4 spondylolysis predisposes individuals to a larger degree of disc degeneration at an early age compared with the matched controls (Fig. 4A ). As age increases, the difference between the two groups stays rather constant. However, for the L5 group, we see an early increased amount of disc degeneration compared with the normal controls. As age increases, the disparity between the two closes ( Fig. 4B) .
One hypothesis for why we have come to these findings is the effect that the iliolumbar ligament has on the stability of the L5-S1 motion segment. Grobler et al. [21] performed biomechanical experiments on six specimens to examine why isthmic spondylolisthesis progressed more quickly at L4-L5 than it did at L5-S1. Their concluded that the L4-L5 spondylolytic lesion was more unstable, even when compared with L5 lesions with the iliolumbar ligament transected, possibly owing to the sagittal development of the L4-L5 facets. This was contrary to previous studies with similar design [10, 31, 54] . Aihara et al. [2] showed that a strong iliolumbar ligament in a patient with bilateral pars defects would stabilize the lumbosacral junction against spondylolisthesis and degeneration of the disc. Grobler et al. [21] hypothesized that other mechanical and anatomic factors such as musculature, ligaments, and the discs also must contribute, along with the iliolumbar ligament, to the stability of L5-S1 in the presence of bilateral spondylolysis. Another factor is the role an individual's sacropelvic geometry may play in these outcomes. Pelvic incidence has been shown to be associated with Volume 474, Number 2, February 2016 Disc Degeneration and L4, L5 Spondylolysis 575 spondylolysis, progression of spondylolisthesis, and degree of degenerative disc disease at L5-S1 [14, 23, 30, 34, 42, 43] . It could be possible that pelvic incidence or sacral inclination may have the same effect on spondylolysis at L4 and may account for some of the greater than predicted amount of degenerative disc disease we found in specimens with L4 lesions. Unfortunately, we did not have access to these sacropelvic measurements for all of our specimens, but this is an interesting question for a followup study.
Our study supports the idea that individuals with bilateral pars defects at L4 or L5 are likely to have increasing amounts of degenerative changes at their respective motion segments, compared with individuals who have intact pars. We also showed that after correcting for the spondylolysis, there still is a larger degree of degenerative disc disease in patients with bilateral L4 pars defects compared with those with lesions at L5, and this is greater than what is accounted for based on the normal population. Degenerative spine disease is the most common etiology of low-back pain [40] , and as this becomes an increasing source of disability and national spending [33] , clinicians will need to be able to triage patients appropriately based on what can be expected for their disease progression. We found that patients with bilateral spondylolysis may be at an increased risk to have degenerative disc disease develop and special attention must be paid to patients with L4 spondylolysis, as they may have a more rapidly progressive and severe disease course. 
